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ABSTRACT 

We d e s c r i b e  a s tudy  on t h e  formation of  s i l i c a  p a r t i c l e s  i n  a 
counterf low d i f f u s i o n  f lame.  Th i s  flame is gene ra t ed  i n  t h e  impinge- 
ment r eg ion  of a f u e l  (H2+N2) and an ox idan t  ( O z + N z )  g a s  streams. 
SiHr was used as t h e  p r e c u r s o r  f o r  t h e  fo rma t ion  of  SiO2. I t  was f e d  
i n t o  t h e  f u e l  gas  stream. Chemical r e a c t i o n  l e a d i n g  t o  t h e  fo rma t ion  
of S i 0 2 ,  n u c l e a t i o n  of p a r t i c l e s ,  and t h e i r  i n i t i a l  growth a l l  occur  
upstream of t h e  f lame.  For a s u f f i c i e n t l y  high t empera tu re  f l ame ,  
aggrega te s  formed upstream f u s e  t o  form s i n g l e ,  s p h e r i c a l  p a r t i c l e s  
as they p a s s  through t h e  flame zone. However, f o r  a low t empera tu re  
flame, aggrega te s  remain ( o r  p a r t i a l l y  fuse).  as t h e y  p a s s  through t h e  
flame zone. Samples of p a r t i c l e s  were c o l l e c t e d  a t  t h e  e x i t s  of t h e  
bu rne r .  P a r t i c l e  s i z e ,  shape,  c r y s t a l l i n e  s t r u c t u r e ,  and chemical  
composition were analyzed.  These r e s u l t s  w i l l  b e  p re sen ted .  

INTRODUCTION 

The formation of  p a r t i c l e s  i n  combustion i s  a problem of consid-  
e r a b l e  importance i n  many i n d u s t r i a l  p r o c e s s e s .  I n  c o a l  combustion 
and g a s i f i c a t i o n  p r o c e s s e s ,  formation of p a r t i c l e s  creates a s e r i o u s  
problem of a i r  p o l l u t i o n .  On t h e  o t h e r  hand, formation of p a r t i c l e s  
i n  combustion f lames p rov ides  a u s e f u l  technology f o r  t h e  manufacture  
of many ox ide  powders. 

In t h e  manufacture of powders u s i n g  f lame technology,  t h e  forma- 
t i o n  of p a r t i c l e s  i nvo lves  t h e  fo l lowing  p r o c e s s e s :  ( 1 )  The vapor of  
t h e  d e s i r e d  material ( e . g . ,  S i 0 2 )  is  gene ra t ed  i n  t h e  f lame by oxida-  
t i o n  of t h e  p recu r so r  compounds ( e . g . ,  SiHh) which is f e d  i n t o  t h e  
flame. ( 2 )  The vapor  ( i n  a s u p e r s a t u r a t e d  s t a t e )  n u c l e a t e s  and forms 
i n i t i a l  p a r t i c l e s .  ( 3 )  The i n i t i a l  p a r t i c l e s  grow t o  f o r m t h e  d e s i r e d  
powder. Since t h e s e  p r o c e s s e s  a l l  occur  i n  t h e  f lame,  t h e  p r o p e r t i e s  
of t h e  powder are g r e a t l y  in f luenced  by  t h e  s t r u c t u r e  of t h e  f lame.  
The s t r u c t u r e  of t h e  f lame is i n  term determined by t h e  c o n s t r u c t i o n  
of t h e  bu rne r .  The des ign  of t h e  b u r n e r  is t h e r e f o r e  a key element 
i n  t h e  flame technology f o r  t h e  s y n t h e s i s  of powders. 

designed by Shyan-Lung Chung and Joseph L.  Katz [1,21 t o  s t u d y  t h e  
formation of SiOo p a r t i c l e s .  A main purpose of t h e  r e sea rch  is t o  
i n v e s t i g a t e  t h e  i n f l u e n c e  of t h e  bu rne r  des ign  and t h e  o p e r a t i n g  con- 
d i t i o n s  (e .e ; . ,  t empera tu re ,  c o n c e n t r a t i o n ,  and g a s  flow p a t h s )  on t h e  
p r o p e r t i e s  of t h e  p a r t i c l e s .  

In ou r  l a b o r a t o r y ,  w e  u s e  t h e  coun te r f low d i f f u s i o n  f lame burne r  

DESCRIPTION OF EXPERIMENT 

A .  Burner ,  Gases and Flame 
A S  shown i n  F i g .  1, t h e  bu rne r  c o n s i s t s o f t w o  v e r t i c a l l y  opposed 

tubes  of r e c t a n g u l a r  cross s e c t i o n .  The ox idan t  ( 0 2  d i l u t e d  w i t h  Nz) 
floWdpwnWard from t h e  upper t u b e ,  and t h e  f u e l  ( H P  d i l u t e d  wi th  N P )  
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flows upward from t h e  lower t u b e .  The t w o  gas streams meet n e a r  t h e  
middle and then  f l o w  outward. Each t u b e  c o n t a i n s  t h r e e  channels  
( sepa ra t ed  by 0 .08 mm t h i c k n e s s  s t a i n l e s s  s teel  p l a t e s ) :  a c e n t r a l  
m a i n  channel (12 .70  nun x 63.50 m)  and two s i d e  channels  (12.70 nnn 
x 6.35 mm).  Fused s i l i c a  p l a t e s ,  f i t t e d  t o  t h e  o u t s i d e  of t h e  two 
s ide channe l s ,  f o r c e  t h e  combustion g a s e s  t o  f low o u t  a long t h e  long  
s ides .  Each of  t h e  bu rne r  t u b e s  was des igned  t o  o b t a i n  a uniform 
flow of g a s  a c r o s s  i ts  mouth by passage  of  t h e  gases  through a per- 
f o r a t e d  p l a t e ,  a bed of g l a s s  beads (1 .0  mm d i a m e t e r ) ,  and two s t a in -  
less steel w i r e  s c r e e n s .  T o  compensate f o r  h e a t  losses from t h e  
s i d e s  with f u s e d  s i l i c a  windows, t h e  o x i d a n t  and f u e l  streams i n  t h e  
s i d e  channels  are e n r i c h e d  i n  0 2  and Hz, r e s p e c t i v e l y ,  t o  p r e c i s e l y  
the  e x t e n t  r e q u i r e d  t o  o b t a i n  a t empera tu re  d i s t r i b u t i o n  which is 
uniform i n  t h e . d i r e c t i o n  normal t o  t h e  two f u s e d  s i l ica  windows(i .e . ,  
t h e  X-d i r ec t ion ;  t h e  X ,  Y ,  and Z d i r e c t i o n s  are shown i n  Fig.  1). 
To prevent  d e p o s i t i o n  of p a r t i c l e s  on t h e  f u s e d  s i l i c a  windows, no 
precursor  compounds ( i . e . ,  SiHs i n  t h i s  r e s e a r c h )  is added t o  t h e  
mixtures  which are  f e d  t o  t h e  s i d e  channe l s .  Flanges f i t t e d  on each 
s i d e  of t h e  b u r n e r  openings minimize en t r a inmen t  of  surrounding a i r  
and keep t h e  outward gas  f low p a r a l l e l  t o  t h e  bu rne r  s u r f a c e s .  The 
d i s t ance  between t h e  two b u r n e r  mouths is a d j u s t a b l e  b u t  has  been 
kept a t  1 5  mm i n  a l l  t h e  experiments  p r e s e n t e d  h e r e .  

above is t h e  same as t h a t  designed by Chung and Katz [1,21. However, 
i n  o rde r  t o  s t u d y  t h e  fo rma t ion  of p a r t i c l e s ,  we have made some 
mod i f i ca t ions .  F i r s t ,  t h e  main channel  f o r  t h e  f u e l  g a s  stream w a s  
divided i n t o  t h r e e  s l o t s  i n  t h e  Y d i r e c t i o n  u s i n g  0 . 2  mm th i ckness  
s t a i n l e s s  s teel  p l a t e s .  S i l a n e  can b e  added t o  e i t h e r  t h e  c e n t r a l  
s l o t  o r  t h e  s i d e  slots t o  s tudy  t h e  e f f e c t  of d i f f e r e n t  f low pa ths  
on t h e  p r o p e r t i e s  of  t h e  gene ra t ed  p a r t i c l e s .  (Note t h a t  t h e  d iv id -  
ing p l a t e s  are removable.  I n  some of t h e  expe r imen t s ,  t h e  undivided 
channel w a s  u s e d . )  Second, n i t r o g e n  w a s  added t o  t h e  combustion 
gases  a t  t h e  b u r n e r  e x i t s  through t e n  s m a l l  h o l e s  on each f l a n g e .  7.' 

This is bo th  t o  d i l u t e  t h e  p a r t i c l e s  and t o  quench t h e  e f f l u e n t  com- 
bus t ion  g a s e s  s o  t h a t  growth of p a r t i c l e s  can be c e a s e d a t t h e  bu rne r  
e x i t s  where samples  of p a r t i c l e s  are t a k e n .  

of 99%. A mix tu re  o f  10% semiconductor g r a d e  s i l a n e  an'd 90% U.H.P. 
grade H P  (99.999% p u r i t y )  w a s  used as t h e  s i l a n e  sou rce .  Each gas  
flows through a f i l t e r  ( s i n t e r e d  b r a s s  f i l t e r  with 0.5 urn pore  s i z e )  
f o r  t h e  removal of  p r e e x i s r i n g  p a r t i c l e s .  The gas  f low rates were 
con t ro l l ed  and measured t o  aLouc 1% accuracy u s i n g  c a l i b r a t e d  
rotameters. 

The b u r n e r  prqduces a flame which is f l a t ,  s t a b l e ,  and r ec t an -  
g u l a r  i n  shape  [1,2j. Both temperature  and c o n c e n t r a t i o n  d i s t r i b u -  
t i o n s  are uniform i n  t h e  h o r i z o n t a l  p l a n e  ( i . e . ,  X-Y p l a n e )  I21. 
Formation o f  condensing s p e c i e s  ( e . g . ,  SiOz) ,  n u c l e a t i o n o f  p a r t i c l e s  
and t h e i r i n i t i a l  growth a l l  occur  upstream of -ihe f lame,  Khe1-e the  
gas flow is a lmos t  one-dimensional ( i . e . ,  Z d i r e c t i o n ) .  These char- 
acter is t ics  of the flame o f f e r  g r e a t  advan tages  f o r  t h e  s tudy of t h e  
formation of  p a r t i c l e s .  
B. Temperature Measurement 

thermocouples t o  measure t empera tu res .  The the raocoup le  wires =ere 
coated wi th  s i l i c a  t o  e l i m i n a t e  c a t a l y t i c  e f f e c t .  The temperatures  
thus ob ta ined  were c o r r e c t e d  f o r  r a d i a t i o n  lo s s .  
C .  Sampling and Ana lys i s  

The major p a r t  of t h e  c o n s t r u c t i o n  of  t h e  bu rne r  as descr ibed 

The N P ,  H P ,  and 0 2  g a s e s  used a l l  have t h e  r epor t ed  p u r i t i e s  

We used 0.05 m~ d iame te r  plat inum and p la t inum -10% rhodi;;c; 

P a r t i c l e s  were c o l l e c t e d  a t  t h e  bu rne r  e x i t s  u s i n g  g l a s s  f i b e r  
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f i l t e rs .  The c r y s t a l l i n e  s t r u c t u r e  o f  t h e  powder w a s  examined u s i n g  
an X-ray d i f f r a c t o m e t e r  (XRD). The chemical  composi t ion w a s  ana lyzed  
us ing  an energy d i s p e r s i v e  spec t romete r  (EDS). P a r t i c l e  s i z e  and 
shape were examined u s i n g  an t r a n s m i s s i o n  electron micrograph (TEK). 
To p repa re  samples  f o r  TEN examina t ions ,  p a r t i c l e s  were d i s p e r s e d  
u l t r a s o n i c a l l y  i n  e t h y l  a l c o h o l .  A drop  of t h i s  d i s p e r s i o n  was 
placed on t h e  TEM g r i d ,  and al lowed it t o  d r y .  

RESULTS AND DISCUSSION 

We d e s c r i b e  t h e  r e s u l t s  of  t h r e e  experiments  i n  t h e  fo l lowing .  
These t h r e e  experiments  were c a r r i e d  o u t  u s i n g  t h e  same H 2 - 0 2  f l ame ,  
i . e . ,  t h e  gas f low r a t e s ,  and t h e  c o n c e n t r a t i o n s  of  hydrogen and 
oxygen were a l l  kep t  c o n s t a n t .  The gas  f low rates are l i s t e d  i n  
Table 1. I n  experiment  one,  t h e  main channel  f o r  t h e  f u e l  gas  stream 
was not d iv ided .  In experiment two and t h r e e ,  t h i s  channel  w a s  
equa l ly  d i v i d e d  i n t o  t h r e e  s l o t s .  S ince  t h e  d i v i d i n g  p l a t e s  are ve ry  
t h i n  (0 .  l m m ) ,  t h e i r  e f f e c t  on t h e  f lame is small .  
Table  1. Fuel Ox id ize r  

H 2  Nz 0 2  N 2  

Main channel  2260 1270 1600 1210 (cm3/min) 
S i d e  channel  700 0 525 0 (cm3/min) 

In experiment  o n e ,  t h e  s i l a n e  f low rate  was 20 cm3/min, which 
was equal  t o  0.56% of t h e  t o t a l  f u e l  gases .  In experiment two, 
s i l a n e  w a s  added on ly  t o  t h e  t w o  s i d e  s l o t s .  I ts  f low rate w a s  13 .3  
cm3/min.  
s l o t  a t  a f low rate  of  6 . 7  cm'/min. 
t i o n s  i n  t h e s e  t w o  experiments  were t h e  same as t h a t  used i n  e x p e r i -  
ment one,  i . e . ,  0.56% of  t h e  f u e l  g a s e s . )  The f low rate  o f  t h e  n i -  
t rogen used f o r  quenching at  t h e  b u r n e r  e x i t s  w a s  2200 cm3/min, 
which dec reased  t h e  t empera tu re  of t h e  e f f l u e n t  gases  by about  200°C. 

p e r a t u r e s  above 2000 K, our  t empera tu re  measurement w a s  l i m i t e d  t o  
t h e  r e g i o n s  o u t s i d e  t h e  flame zone,  where t h e  t empera tu res  were below 
2000 K. A s  mentioned p r e v i o u s l y ,  t h e  major c o n s t r u c t i o n  o f  t h e  
burner  is t h e  same as t h a t  used by Cbung and Katz [ l ] .  The gas  f low 
r a t e s ,  and t h e  c o n c e n t r a t i o n s  of hydrogen and oxygen w e  used w e r e  also 
t h e  same as t h o s e  r e p o r t e d  by C h u g  and Katz i n  one of  t h e i r  e x p e r i -  
mentS[1,21. 
with t h e i r s  and found them t o  be  i n  e x c e l l e n t  agreement.  We rep ro -  
duced t h e i r  t empera tu re  p r o f i l e  and showed it i n  f i g u r e  2 .  
A .  Experiment One 

Examination of t h e  Si0,powder c o l l e c t e d  i n  t h i s  experiment  u s i n g  
an XRD shows t h a t  it is amorphous i n  s t r u c t u r e .  Composition a n a l y s i s  
by EDS i n d i c a t e s  t h a t  t h e  powder i s  composed of 99.6% Si02 and 0.4% 
Sn02. In p r e p a r i n g  samples f o r  EDS a n a l y s i s ,  t h e  powder w a s  f i x e d  on 
t h e  s u p p o r t i n g  aluminum b locks  us ing  g lue  c o n t a i n i n g  s i l v e r  . Since  
Ag and Sn have ove r l apped  s i g n a l s ,  t h e  s i g n a l  a t t r i b u t e d  t o  Sn may be  
from Ag. F u r t h e r  a n a l y s i s  is r e q u i r e d  t o  r e s o l v e  t h i s  confus ion .  

F igu re  3 shows t h r e e  TEM micrographs of t h e  powder. The powder 
can be d i v i d e d  i n t o  two typeso f  p a r t i c l e s .  
very Small  p a r t i c l e s ,  which are approximately 0.02 pm i n  d i ame te r .  
The o t h e r  i s  composed of l a r g e r ,  s p h e r i c a l  p a r t i c l e s  whose d i ame te r s  
a r e  approximately 0 . 1  pm. Some of t h e s e  p a r t i c l e s  form a g g r e g a t e s  
( t y p i c a l l y  two t o  f i v e  t o g e t h e r ) .  However, some o f  them e x i s t  as 
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In  experiment  t h r e e  s i l a n e  w a s  added only t o  t h e  c e n t r a l  
(Note t h a t  t h e  s i l a n e  concen t r a -  

Because t h e  P t  and Pt-10% FUI thermocouples can no t  measure t e m -  

We compared ou r  thermocouple t empera tu re  measurements 

One is a g g r e g a t e s  of 



s i n g l e  p a r t i c l e s .  ( I t  shou ld  b e  no ted  t h a t  s i n g l e , s p h e r i c a l  p a r t i -  
cles have n o t  been found i n  t h e  pub l i shed  s t u d i e s  on t h e  formation 
of s i l i c a  p a r t i c l e s ,  u s i n g  premixed f l ames  [3,4].) 

As i l l u s t r a t e d  i n  F i g .  4 ,  w e  proposed a growth mechanism f o r  t h e  
formation o f  t h e  t w o  t y p e s  of s i l i c a  p a r t i c l e s  i n  t h e  counterf low 
d i f f u s i o n  f l ame .  As t h e  f u e l  gases  f low o u t  of t h e  lower p a r t  of t h e  
burner ,  s i l a n e  is o x i d i z e d  t o  g e n e r a t e  SiO, vapor .  The S i 0 2  vapor 
( i n  a s u p e r s a t u r a t e d  s t a t e )  then n u c l e a t e s  and a l a r g e  number^ of 
small p a r t i c l e s  are produced. These i n i t i a l l y  formed p a r t i c l e s  can 
grow b y  e i t h e r  vapor  d e p o s i t i o n  o r  a g g r e g a t i o n ,  o r  bo th .  In t h e  cen- 
tral p a r t  of  t h e  f u e l  gas  s t r eam,  p a r t i c l e s  f low through t h e  high- 
temperature  f lame zone.  The p rev ious ly  formed aggrega te s  f u s e  t o  form 
s p h e r i c a l  p a r t i c l e s  as t h e y  p a s s  t h rough  t h e  flame zone. T h i s  pro- 
cess ( a s  i n d i c a t e d  by mechanism ( a )  i n  F i g .  4 )  may exp la in  t h e  
formation o f  t h e  l a r g e r ,  s p h e r i c a l  p a r t i c l e s  found i n  t h i s  experiment  
In t h e  o u t e r  p a r t  of t h e  f u e l  stream, p a r t i c l e s  do not  p a s s  through 
t h e  h igh - t empera tu re  f lame zone. The p r e v i o u s l y  formed aggrega te s  do 
not  f u s e  t o  form s p h e r i c a l  p a r t i c l e s  b u t  remain a s  aggrega te s .  Fur- 
t h e r  formation o f  a g g r e g a t e s  (o r  agg lomera te s )  may occur  due t o  
i n t e r p a r t i c l e  c o l l i s i o n s  as t h e  p a r t i c l e s  flow o u t  of t h e  bu rne r .  
This  p r o c e s s  ( a s  i n d i c a t e d  by mechanism ( b )  i n  F i g .  4 )  may exp la in  
t h e  formation of t h e  agg rega te s  of  s m a l l  p a r t i c l e s  found i n  t h i s  
experiment.  
B. Experiment Two 

ment show t h a t  a l l  t h e  p a r t i c l e s  are a g g r e g a t e s  of  s m a l l  p a r t i c l e s  
(approximately 0 .02  pm i n  d i ame te r )  and t h a t  t h e r e  is no l a r g e r ,  
s p h e r i c a l  p a r t i c l e s .  ( s e e  Fig.  5) Since s i l ane  was added t o  t h e  s i d e  
s l o t s ,  p a r t i c l e s  may form by mechanism ( b )  as  shown i n  F ig .4 .  (There- 
f o r e ,  a l l  t h e  p a r t i c l e s  are aggrega te s  and no l a r g e r ,  s p h e r i c a l  par-  
t i c l e s  are fo rmed . )  
C .  Experiment Three 

The p a r t i c l e s  c o l l e c t e d  i n  t h i s  experiment a l s o  c o n s i s t  o f  two 
types  of  morphology as found i n  experiment one.  However, t h e r e  a r e  
more l a r g e r ,  s p h e r i c a l  p a r t i c l e s  and less aggrega te s  of small p a r t i -  
cles as compared w i t h  t h o s e  ob ta ined  i n  experiment one. (See t h e  
TEM micrographs i n  F i g .  6 )  S ince  s i l a n e  w a s  added t o  t h e  c e n t r a l  
s l o t ,  most p a r t i c l e s  may form by mechanism ( a ) ,  t h u s  l e a d i n g  t o  t h e  
formation of  more l a r g e r ,  s p h e r i c a l  p a r t i c l e s .  However, some p a r t i -  
cles i n  t h e  o u t e r  p a r t  of t h e  stream may form by mechanism ( b ) ,  t h u s  
l ead ing  t o  t h e  formation of  aggrega te s .  

CONCLUSION 

The TEhl micrographs of t h e  p a r t i c l e s  c o l l e c t e d  i n  t h i s  expe r i -  

Some c o n c l u s i o n s  may be  drawn from t h e  experiments  desc r ibed  
above: (1) h igh  p u r i t y  and submicron s i l i c a  p a r t i c l e s  can b e  gen- 
e r a t e d  u s i n g  t h e  coun te r f low d i f f u s i o n  flame b u r n e r ;  ( 2 )  t h e  o r i g i n a l  
form of t h e  b u r n e r  produces t w o  t y p e s  of  p a r t i c l e s ;  ( 3 )  o u r  modifica- 
t iOn of t h e  b u r n e r  o f f e r s  t h e  p o s s i b i l i t y  f o r  t h e  c o n t r o l  o f  t h e  mor- 
phology of  t h e  p a r t j c l e s ;  (4) t h e  proposed mechanism seeins t o  e x p l a i n  
t h e  formation of s i l i c a  p a r t i c l e s  i n  t h e  f lame.  
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Fig.  1 The coun te r  flow d i f f u s i o n  flame burne r .  

57 



h 
?c 

w e: 
3 

a 

E 1600- 
E 

1400 

- 2000 

2 1800- 
6 

1200 

1000 

Fig. 2 Temperature  d i s t r i b u t i o n  a 
t h e  c o u n t e r f l o w  d i f f u s i o n  

i c 
c 

t i 4, 
- 

. 
t * 

f 
r" i 

?. is 
\ 

x OH-Line 
: J  

i - t  Thermocouple - i 

' I ' ' ' ' ' I ' I ' I '  ' ' 

Fig .  4 

I liiil 
ong t h e  v e r t i c a l  d i r e c t i o n  i n  
lame. 

The p a r t i c l e  formation mechanisms i n  t h e  coun te r f low 
d i f f u s i o n  flame. 

58 



Fig. 3 TEM photographs of Si02 sample. 
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Fig.  5 TEM photograph of Si02 sample. 
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Fig .  6 TEM photographs of Si0,z sample. 
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